The interactions between neutral polymer polyacrylamide (PAM) and the biosurfactant Surfactin and four betaines, NdodecylN,Ndimethyl3 ammonio
Introduction
Polymer/surfactant mixtures are used in a wide range of commercial and industrial applications [1] [2] [3] [4] , particularly, in enhanced oil recovery (EOR) 5 . Interaction between surfactant and polymer can lead to changes such as the viscosity 6 , surface tension 7 , conductivity 8 , critical micellar concentration and aggregation number of surfactant 9 , also the surface activity of the polymer 2, 10 , and for some combinations the interactions are even controllable thus the desired properties can be achieved 11, 12 .
Therefore, polymers are always added to the surfactant systems to control rheology and stability, and to manipulate surface adsorption.
Since the coformulation of surfactant and polymer always brings about advanced or new functions, their behavior both in the bulk and at interfaces is of much current interest studied by neutral reflectometry, isothermal titration calorimetry (ITC) and etc. [13] [14] [15] [16] Among a great deal of fundamental investigations between different polymers and surfactants, most studies have been launched on complexes involved one type of versatile polymer, the nonionic, water soluble polyacrylamide (PAM) [17] [18] [19] [20] [21] [22] [23] . For instance, Mya et al 24 studied the interaction behavior between PAM and the nonionic surfactant Triton X-100 (TX-100) and found that at higher concentrations the surfactant molecules induce a significant increase in the size of the polymer chains, while two polymers with different molecular weights interact with the surfactant quite similarly. Hai et al 25 investigated the interaction between anionic surfactant sodium dodecyl sulfate (SDS) and PAM by characterizing the microenvironment, and found that the microviscosity of the aggregate-polymer interface is greater than that of free micelle-water, which suggests that the headgroups of SDS adsorbed on PAM are more tightly packed than free micelles. Even a newly powerful and promising surfactant, Gemini has also been used to investigate the interaction with modified polyacrylamide recently [26] [27] [28] [29] . However, to date, there have been few investigations of the interaction between PAM and a biosurfactant, not so much as the ternary complex system of PAM, a biosurfactant and amphoteric surfactant. Additionally, although the interaction between surfactants and polymers have been investigated by several methods such as NMR Spectroscopy 15 , rheology 23 , and conductivity 26 , none of these directly give the size and even conformation information. While, small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS) are the effective techniques capable of giving the size and shape of the aggregates.
The biosurfactant used in this work, Surfactin, lipopeptide excreted by various strains of Bacillus subtilis, consists of a peptide loop of seven amino acid residues (Glu-Leu-D-Leu-Val-Asp-D-Leu-Leu) and a C15 β-hydroxy hydrophobic fatty acid chain (Figure 1(a) ), is extremely powerful due to its special amphiphilic character, also less toxic and easy to biodegrade, and has powerful foaming and emulsification ability 30, 31 , which are favorable for oil recovery. Considering the important role of PAM [32] [33] [34] and Surfactin the research in our group has been carried out the interfacial behavior between the ternary aqueous system of dodecyl betaine/lipopeptide/hydrolyzed polyacrylamide (HPAM) with crude oil 35 , which revealed that the synergistic effect between biosurfactant and betaine can reduce the interfacial tension to an ultra-low level in alkaline environment, and an excellent ASP (Alkaline-Surfactant-Polymer) flooding system involving biosurfactant was obtained.
In this paper the betaines and Surfactin mixtures associate with PAM, respectively were further studied, mainly with SANS and SAXS provided the interaction behavior and configuration in the bulk phase. Also the viscosity changes of the mixed systems when Surfactin and Surfactin/SDDAB was added to PAM solution by rheological experiments (flow curve measurements) were reported.
Materials and Methods

Materials.
Surfactin was produced by Bacillus subtilis TD7 cultured in a laboratory of East China University of Science and Technology. 36, 37 Surfactin-C15 isoform ( Figure 1(a) ) was separated by extraction with anhydrous ether, isolated with normal pressure ODS C18 column and purified by the RP-HPLC (Jasco, Japan). The structure of the isolated lipopeptide was determined by the electrospray ionization- 
Methods.
2.2.1 Sample Preparation. 10 mM PBS, pH 7.4, prepared by doubly distilled water was used as the solvent. In this study, a low concentration (0.8 wt %) of PAM was settled by consulting the result that when HPAM dosage is 0.4 g/L, the ASP ternary system is at the best performance 35 . The PAM solution was prepared first and then surfactants were added into it. After that, samples were properly mixed and then equilibrated for 1 day.
For SANS experiments, the samples were prepared with 10 mM deuterium phosphate buffer solution (pD 7.4). The pD value was mediated by eq 1, with the improvements made by Krezel et al. 39, 40 For the ternary system, the molar ratio of Surfactin between SDDAB and Surfactin was 0.67 as previously reported that the Surfactin/SDDAB mixed system shows a synergistic effect contribute by electrostatic attraction between the opposite charges, hydrophobic association and hydrogen bonds at this combination. 
Small-Angle Neutron Scattering (SANS). SANS measurements were
performed on the Yellow Submarine instrument at the BNC in (Budapest, Hungary). 42 The overall interval of scattering vectors q ranged from 0.09 to 3.1 nm (from low to high shear rates) were performed in order to determine the flow curve (steady-state viscosity as a function of shear rate). The measurements were carried out using a Couette geometry (radius of the inner cylinder 13.3 mm, gap 1.1 mm) at a temperature of 30 °C. A volume of 18 mL was inserted into the Couette cell for each sample (one sample for one flow curve). Figure 2 and Table 1 : At a certain concentration, often termed the CAC, there is an onset of surfactant to the polymer. Because of this the surfactant activity decrease and also the rate of decrease in surface tension is reduced. As the polymer is saturated with surfactant, the surfactant unimer concentration and the surface activity start to increase again and there is a lowering of γ until the unimer concentration reaches the C 2 , and normal surfactant micelles start to form. As can be seen from Table 1, CAC is smaller than CMC, which indicates that less free energy is required for surfactant and polymer forming aggregates in case of pure surfactant forming micelle. C 2 is generally slightly higher than the CMC of pure solution. This can be attributed to that fraction of surfactant molecules is bound to the polymer 46 , so surfactant solution with the presence of polymer requires a higher concentration to form micelles which can change their size and shape to compare with pure surfactant solution.
Results and Discussion
Interaction between Alkyl Betaine and PAM.
The CAC is understood to be the point at which the polymer and surfactant start to form mixed aggregates in the bulk 47 . A low CAC value indicates that the surfactant easily binds with polymer, so it can be regarded as a measure of the interaction strength between polymer and surfactant. For SDDAB, STDAB and SHDAB, with the same polar headgroup but different hydrophobic chain lengths, when mixed with PAM respectively, the CAC decreases with increasing hydrophobic chain length. This effect can be explained by the fact that mainly hydrophobic interaction exists between surfactant and neutral polymer. SHDAB has a stronger interaction with PAM than SDDAB and STDAB due to its longer hydrophobic chain. As to SDDAB and C 12 BE, with the same hydrophobic chain but different hydrophilic groups, both the CAC and CMC of SDDAB are larger than those of C 12 BE. This can be attributed to that the sulfopropyl group of SDDAB is more hydrophilic due to a higher degree of dissociation than the carboxyl group in C 12 BE.
Moreover, the length of bridge chain, which connects positive charge and negative charge, is different either. SDDAB has two more methylenes than C 12 BE, which leads to an increase of the dipole-dipole repulsion between the headgroups, causing the increase of CMC. [48] [49] [50] Furthermore, the polar headgroup of SDDAB is larger than that of C 12 BE, which is less favorable for self-aggregation and interaction with PAM as well. As a result, compared with SDDAB, at the same concentration, C 12 BE selfaggregates more readily, and the CMC is smaller and has a stronger interaction with PAM. Figure 3 (a) presents SANS data of 0.8wt% PAM and the mixed system of 0.8wt % PAM with 1 mM and 10 mM SDDAB, respectively. All of the fitted parameters are listed in Table 2 . The scattering intensities (I(q)) are proportional to the square of volume of aggregates and of the contrast between neutron scattering length densities of the aggregates and the solvent. 51 When the surfactant concentration is smaller than C 2 , only single surfactant molecules interact with polymer molecules (strands of polymer molecules). The scattering intensity and radius of gyration (R g ) of PAM does not change significantly after 1 mM (< C 2 ) SDDAB is added, suggesting that the PAM configuration does not change much. The above result is also supported by the similar p(r) functions, the pair distance distribution function of a particle, shown in Figure   4 (a). The diagram in Figure 5 (a) shows this interaction. However, when the concentration of SDDAB was increased to 10 mM, which is much larger than its C 2 , the scattering intensity increased markedly, meanwhile Rg dropped from 67.4 Å to 25.9 Å and the maximum diameter (D max , the upper limit for the maximum particle dimension) dropped from 190 Å to 70 Å, indicating that smaller sized but more aggregates are formed, which are slightly larger than the micelles in SDDAB solution.
One can suggest that polymer molecules curl around SDDAB micelles, as indicated by the longer tail of p(r) function at larger r and the larger D max required for describing of SANS data in presence of PAM (Figure 4(b) ). This interaction sketch is shown in respectively. It can be seen that both of these two pure betaines form spherical micelles. When 0.8wt% PAM is added to SHDAB (1 mM) and C 12 BE (10 mM), the shape of the micelles does not change, they remain spherical, which means there is weak interaction between betaines (SHDAB and C 12 BE) and PAM. This behavior is similar to the system of SDDAB/PAM. Near spherical micelles entangled by PAM are formed. Figure 2 (e) and Table 1 show that compared with betaine/PAM systems, Surfactin/PAM has a CAC as low as 10 , the exponent α can be used as a simple parameter to determine the micelle shape: α=4 corresponding to spherical micelle, α=2 corresponding to vesicles or disc-like micelles, and α=1 corresponding to rod-like micelle. 52 The slope of I(q)-q curve of 0.4 mM Surfactin/0.8wt% PAM mixture at low q is -1, i.e. the α value is 1, indicating that rod-like micelles are formed. A sketch of this conformation transition is shown in Figure 6 (c). In our previous study we found that with the only addition of either SDDAB or Surfactin to HPAM, the interfacial tension between crude oil and water would not be reduced to an ultra-low level, while this could be achieved by using the mixture of SDDAB and Surfactin
Interaction between Surfactin and PAM.
35
. In present paper, by comparing the interaction strength among the systems of betaine/PAM, Surfactin/PAM and Surfactin/SDDAB/PAM, it is confirmed that the surfactants mixture is most readily to associate with PAM, mainly because SDDAB is favorable for reducing the electrostatic repulsion between the negative charges of Surfactin, so the synergistic effect between them yields a more pronounced interaction with the polymer, and this is the exact type of the complex ternary flooding system which shows the best performance we have obtained before. It can be seen from Figure 7 that SAXS scattering intensity is dominated by PAM contribution. Intensity for PAM is 2 orders of magnitude higher than that for SDDAB. In the case of SDDAB, the scattering from micelles is observed with maximal diameter of 5.5 nm and radius of gyration of 2.8±0.1 nm (results of IFT analysis, see Table S1 in Supporting Info). Shape of corresponding p(r) (Figure 7 Table S1 in Supporting Info). Values of gyration radius for PAM aggregates obtained from SANS and SAXS should be considered with caution while complexes formed by PAM are too large for measured interval of scattering vector q and give level of lowest size of aggregates. 
Rheological Results.
Conclusions
Interaction between zwitterionic betaines and neutral polymers is mainly 
